High-angle-of-attack pneumatic lag and upwash corrections for a hemispherical flow direction sensor by Heeg, Jennifer et al.
NASA Technical Memorandum 86790 
' High-Angle-of-Attack Pneumatic Lag 
and Upwash Corrections for a 
Hemispherical Flow Direction Sensor 
Stephen A. Whitmore, Jennifer Heeg, Terry J. Larson, 
L.J. Ehernberger, Floyd W. Hagen, and Richard V. DeLeo 
(bASA-TB-@679C) LIGH-ANGLE-CE-AlSACK 187-2i616 I 
€ L E U H A T I C  LAG A A C  UFYASE CCKEICIICIS POR A 
I E U I S E H E R I C A L  E I O I  D I E E C I I C I I  SEBSCB (NASA) 
2 1  p Avail: &'I13 f l C  AO2/B€ a 0 1  CSCL 011) Unclas 
81/06 0076748 
4 May 1987 
b 
National Aeronautics and 
Space Administration 
https://ntrs.nasa.gov/search.jsp?R=19870014183 2020-03-20T10:29:30+00:00Z
NASA Technical Memorandum 86790 
' High-Angle-of-Attack Pneumatic Lag 
and Upwash Corrections for a 
Hemispherical Flow Direction Sensor 
Stephen A. Whitmore, Jennifer Heeg, Terry J. Larson, and L.J. Ehernberger 
Ames Research Center, Dryden Flight Research Facility, Edwards, California 
Floyd W. Hagen and Richard V. DeLeo 
Rosemount, Inc., Eden Prairie, Minnesota 
1987 
e 
NASA 
National Aeronautics and 
Space Administration 
Ames Research Center 
Dryden Flight Research Facility 
Ed wards Cal i f  orn i a 93523-5000 
SUMMARY 
A s  a p a r t  of t h e  NASA F-14 high-angle-of-attack f l i g h t  t es t  program, a nose- 
mounted hemispher ica l  f low d i r e c t i o n  sensor w a s  c a l i b r a t e d  a g a i n s t  a fuselage-mounted 
movable-vane f low a n g l e  senso r .  S i g n i f i c a n t  d i s c r e p a n c i e s  were found to  e x i s t  i n  the 
angle-of -a t tack  measurements. 
Th i s  report d e s c r i b e s  a two-fold approach taken  t o  r e s o l v e  these d i s c r e p a n c i e s  
d u r i n g  subson ic  f l i g h t .  F i r s t ,  t h e  sens ing  i n t e g r i t y  of the isolated hemispher ica l  
s e n s o r  i s  e s t a b l i s h e d  by wind t u n n e l  da ta  ex tending  t o  a n  a n g l e  of a t t a c k  of 60°.  
Second, t w o  probable causes  f o r  t h e  d i sc repanc ie s ,  pneumatic lag and upwash, are 
examined. Methods of i d e n t i f y i n g  and compensating f o r  lag and upwash are presented .  
b The wind t u n n e l  d a t a  v e r i f y  t h a t  the  i s o l a t e d  hemisphe r i ca l  s e n s o r  is  s u f f i c i e n t l y  
a c c u r a t e  f o r  s t a t i c  c o n d i t i o n s  wi th  angles  of a t t a c k  up  t o  60° and ang le s  of sideslip 
u p  to 30°. Analys is  of f l i g h t  d a t a  f o r  t w o  high-angle-of-at tack maneuvers e s t a b l i s h e s  
t h a t  pneumatic l a g  and upwash are h ighly  correlated w i t h  the d i s c r e p a n c i e s  between 
t h e  hemisphe r i ca l  and vane-type senso r  measurements. 
INTRODUCTION 
The F-14 high-angle-of-at tack c o n t r o l  system i n v e s t i g a t i o n  a t  NASA Ames Research 
Cen te r  I s  Dryden F l i g h t  Research F a c i l i t y  provided an o p p o r t u n i t y  t o  i n v e s t i g a t e  t h e  
measurement of a i r  d a t a  a t  h igh  ang le s  of a t t a c k  under bo th  s t e a d y - s t a t e  and maneu- 
v e r i n g  cond i t ions .  Angle-of-attack measurements ob ta ined  w i t h  a nose-mounted hemi- 
s p h e r i c a l  s e n s o r  s i g n i f i c a n t l y  d i f f e r e d  from those  ob ta ined  wi th  a fuselage-mounted 
vane-type s e n s o r  ( r e f . 1 ) .  The d i sc repanc ie s  s i g n i f i c a n t l y  exceeded 2 O  and c o n t r a s t e d  
g r e a t l y  wi th  t h e  accuracy  expected on the basis of p rev ious  wind tunne l  and f l i g h t  
expe r i ence  (refs. 2 t o  4 ) .  An i n v e s t i g a t i o n  t o  i d e n t i f y  t h e  s o u r c e s  of t h e  discrep- 
a n c i e s  w a s  i n i t i a t e d  . 
This  report d e s c r i b e s  a two-fold approach taken t o  r e s o l v e  these d i sc repanc ie s .  
F i r s t ,  t h e  sens ing  i n t e g r i t y  of t h e  i s o l a t e d  hemisphe r i ca l  s enso r  is  e s t a b l i s h e d  
by wind t u n n e l  d a t a  f o r  s t a t i c  condi t ions .  Angle-of-attack d a t a  are presented  f o r  
s t a t i c  c o n d i t i o n s  f o r  an  angle-of-at tack a range of -4.0° < a < 60.0°, an angle-of- 
s i d e s l i p  8 range of - 3 O O  < 8 < 30°, and Mach numbers of 0.3, 0.4, and 0.5. 
Second, t h e  d a t a  d iscrepancy  is s i g n i f i c a n t l y  reduced by a d j u s t i n g  t h e  nose- 
mounted s e n s o r  measurements f o r  pneumatic l a g  and upwash. One technique  f o r  i n - f l i g h t  
l a g  de t e rmina t ion  f o r  a similar hemispherical  f low d i r e c t i o n  s e n s o r  (ref. 5 )  employed 
small-ampli tude f low ang le  o s c i l l a t i o n s  t h a t  cont inued  for  s e v e r a l  cyc le s .  However, 
t h i s  approach is i m p r a c t i c a l  a t  h igh  angles  of a t t a c k ,  so system i d e n t i f i c a t i o n  and 
s t a t e  r e c o n s t r u c t i o n  techniques  were used t o  d e r i v e  the appropriate ad jus tment  fac- 
tors for  pneumatic l a g  and upwash. The techniques  used t o  i d e n t i f y  t h e  ad jus tment  
f a c t o r s  are developed i n  more d e t a i l  i n  t h e  appendixes.  Two f l i g h t  maneuvers were 
used to  perform t h i s  i n v e s t i g a t i o n .  F l i g h t  d a t a  were ob ta ined  a t  Mach numbers of 
0.60 and 0.85, Oo < a < 40.0°, - 1 O . O O  < 0 < 10.Oo, and a l t i t u d e s  of 9145 and 11,890 m 
(30,000 and 39,000 f t ) .  
: 
NOMENCLATURE 
b 
D d i ame te r  of p r e s s u r e  t r ansmiss ion  l i n e ,  c m  ( i n )  
F scale f a c t o r  used i n  i d e n t i f y i n g  pneumatic l a g  c o n s t a n t  
K1 anqle-of-at tack p r o p o r t i o n a l i t y  f a c t o r  
a. l e n g t h  of p re s su re  t r ansmiss ion  l i n e ,  m (ft) 
p ( 1 ,  t )  p r e s s u r e  a t  t r ansduce r  end of measurement dev ice ,  kPa ( l b / f t 2 )  
b ias  term used i n  i d e n t i f y i n g  pneumatic lag c o n s t a n t ,  kPa ( l b / f t 2 )  
nos e-mounted 
nose-mounted 
( f i g .  l ( b )  
nose-mounted 
( f i g .  1 ( b )  
p r e s s u r e  estimate r e s u l t i n g  from complementary f i l t e r ,  kPa ( l b / f t 2 )  
p r e s s u r e  a t  free-stream end of measurement dev ice ,  kPa ( l b / f t 2 )  
a c t u a l  l o c a l  p r e s s u r e  a t  t h e  o r i f i c e ,  kPa ( l b / f t 2 )  
nose-mounted hemispher ica l  s enso r  lower angle-of -a t tack  p r e s s u r e  ( f i g .  l ( b ) ) ,  
kPa ( l b / f t 2 )  
nose-mounted hemispher ica l  s e n s o r  upper angle-of -a t tack  p r e s s u r e  ( f i g .  l ( b ) ) ,  
kPa ( l b / f t 2 )  
hemispher ica l  s e n s o r  c e n t e r  p r e s s u r e  ( f i g  . 1 ( b  1 , kPa ( l b / f  t 2 )  
hemispher ica l  s enso r  l e f t  ang le -o f - s ides l ip  p r e s s u r e  
, kPa ( l b / f t 2 )  
hemispher ica l  s enso r  r i g h t  ang le -o f - s ides l ip  p r e s s u r e  
, kPa ( l b / f t 2 )  
f ree-s t ream dynamic p r e s s u r e  
lag geometry parameter  
t i m e ,  sec 
senso r  conf igu ra t ion  enclosed volume, m- ( f t 3 )  
a n g l e  of a t t a c k ,  deg 
a n g l e  of s i d e s l i p ,  deg 
measurement sample i n t e r v a l ,  sec 
dynamic v i s c o s i t y  of a i r ,  N / m - s e c  
. 
T a  t i m e  l a g  va lue  of f i r s t - o r d e r  lag  model, sec 
S u b s c r i p t s  
R value  f o r  local wind tunne l  quan t i ty  
m q u a n t i t y  as measured by i s o l a t e d  hemispher ica l  s e n s o r  i n  wind t u n n e l  
DESCRIPTION OF SENSORS 
b 
The nose-mounted hemispher ica l  head probe ( t e s t  s e n s o r )  is  used to  d e r i v e  f low . a n g l e ,  a l t i t u d e ,  and a i r speed  q u a n t i t i e s .  Comparative data are measured by a 
fuselage-mounted movable-vane flow d i r e c t i o n  senso r  ( r e f e r e n c e  sensor) ( f i g .  l ( a ) ) .  
Test  Sensor  
The nose-mounted test senso r  uses  pneumatic measurements to  sense  f low direc- 
t i o n  ang le s .  
o f - s i d e s l i p  measurements, and i t  w a s  modified f o r  the F-14 high-angle-of-at tack 
f l i g h t  tests to  provide  angle-of -s ides l ip  measurements i n  a d d i t i o n  t o  angle-of -a t tack  
measurements. The modified hemispherical  c o n f i g u r a t i o n  s e n s e s  p r e s s u r e s  from f i v e  
e x t e r n a l  o r i f i c e s ,  arranged as dep ic t ed  i n  f i g u r e  l(b). The ang le  of a t t a c k  i s  cali- 
b r a t e d  t o  be a f u n c t i o n  of t h e  f i v e  sensed p r e s s u r e s  p i  (i  = 1 t o  5 ) :  
The senso r  as ob ta ined  from t h e  manufacturer d i d  n o t  a l l o w  f o r  angle- 
K1 (PI  - P2) 
p 3  - (P4 + P5)/2 a =  
where K1 i s  t h e  empirical p r o p o r t i o n a l i t y  f a c t o r ,  which is p resen ted  as d f u n c t i o n  
of  Mach number i n  r e f e r e n c e  6. P i t c h  rate c o r r e c t i o n s  were applied to  the angle-of- 
a t t a c k  d a t a ;  however, no upwash c o r r e c t i o n s  were a p p l i e d  pr ior  t o  t h e  i d e n t i f i c a t i o n  
of l a g  and upwash e r r o r s .  
Accura te  force-balance absolu te -pressure  t r ansduce r s  were used to  measure the tes t  
senso r  p r e s s u r e s .  The l a r g e s t  uncertainties i n  t h e s e  measurements w e r e  found to  be 
20.1436 kPa ( 2 3  l b / f t 2 ) .  A l l  t h e  pressures were recorded t o  a r e s o l u t i o n  of better 
than  0.01436 kPa (0.30 l b / f t 2 ) .  
f o r  t h e  maneuver c o n d i t i o n s  desc r ibed  i n  t h i s  report. 
The accuracy and r e s o l u t i o n  r e p r e s e n t a t i v e  of t h e s e  
i p r e s s u r e  data are comparable t o  * l o  and O . l O ,  r e s p e c t i v e l y ,  i n  l o c a l  ang le  o f  a t t a c k  
I 
Reference Sensor 
Because  of t h e  modi f ica t ions  t o  t h e  t e s t  senso r  and t h e  s p e c i f i c  i n s t a l l a t i o n  
of  t h e  s e n s o r  on t h e  a i r c r a f t ,  c a l i b r a t i o n s  a g a i n s t  a r e f e r e n c e  data source  were ' 
performed to  assess t h e  accuracy of t h e  i n s t a l l e d  c o n f i g u r a t i o n .  The r e f e r e n c e  
s o u r c e ,  c o n s i s t i n g  of a c a l i b r a t e d  NACA-standard boom wi th  f low d i r e c t i o n  vanes only  
( f i g .  l ( c ) )  was mounted on t h e  underside of t h e  a i r c r a f t  fu se l age .  I n d i c a t e d  va lues  
of  local a n g l e  of a t t a c k  w e r e  recorded to  an  accuracy  of bet ter  than  *0.lo.  
3 
TECHNIQUES FOR IDENTIFYING AND COMPENSATING FOR PNEUMATIC LAG ERRORS 
Equat ion ( 1 )  uses non l inea r  combinations of t h e  f i ve  sensed  p r e s s u r e s  t o  compute 
a n g l e  of a t t a c k .  when t h e  sensed p r e s s u r e s  i n c l u d e  i n d i v i d u a l  pneumatic l a g  errors, 
t h e  non l inea r  p re s su re  combinat ions r e s u l t  i n  i r r e g u l a r  angle-of -a t tack  i n d i c a t i o n s .  
Simply time-skewing t h e  computed a n g l e  of a t t a c k  w i l l  n o t  account  f o r  t h e  e f f e c t s  of 
pneumatic lag .  The i n d i v i d u a l  p r e s s u r e  measurements must be a d j u s t e d  f o r  l a g  errors, 
and t h e  a n g l e  of a t t a c k  must be  recomputed us ing  equa t ion  ( 1  1. 
For t h i s  s t u d y ,  t h e  dynamics of pneumatic lag are adequa te ly  desc r ibed  by a f i r s t -  * 
o r d e r  model ( r e f .  7 )  of t h e  form 
where 2 i s  t h e  length  of t h e  p r e s s u r e  t r ansmiss ion  l i n e ,  t i s  t i m e ,  p(R, t )  i s  t h e  
lagged p r e s s u r e  as recorded a t  t h e  measurement t r ansduce r ,  p , ( t )  is  t h e  a c t u a l  pres- 
s u r e  a t  t he  o r i f i c e ,  and r a  i s  t h e  t i m e  l a g  va lue  f o r  t h e  measurement conf igu ra t ion .  
Using numerical  i n t e g r a t i o n ,  equat ion  ( 2 )  may be conver ted  to a d i g i t a l  compensa- 
tor  with p ( 2 ,  t )  as t h e  i n p u t  and p,(t) as t h e  ou tpu t .  Given t h e  measured (lagged) 
pressure t i m e  h i s t o r y ,  t h i s  compensator may be used to  compute a n  estimate of the 
p r e s s u r e  a t  t h e  o r i f i c e .  I n  t h i s  manner e n t i r e  p r e s s u r e  measurement t i m e  h i s t o r i e s  
may be a d j u s t e d  f o r  both phase l a g  and a t t e n u a t i o n  r e s u l t i n g  from pneumatic lag .  
The convers ion  of equat ion (2) t o  a d i g i t a l  compensator i s  p resen ted  i n  appendix 1.  
The time l a g  value is shown i n  r e f e r e n c e  7 t o  be a f u n c t i o n  of both geometry and 
a l t i t u d e .  In  p r a c t i c e  t h e  t r u e  geometry of t h e  measurement c o n f i g u r a t i o n  is seldom 
known, so t h e  time lag va lue  must be es t imated  by some e m p i r i c a l  means. The state of  
t h e  a r t  i n  empi r i ca l  parameter  e s t ima t ion  i s  t h e  m,aximum l i k e l i h o o d  e s t i m a t i o n  tech- 
nique.  Using measured d a t a  and t h e  model as p resen ted  i n  equa t ion  (21, w e  can  esti- 
mate t h e  va lue  of T, by t h e  maximum l i k e l i h o o d  technique.  Some s p e c i f i c s  of t h e  
i d e n t i f i c a t i o n  scheme are p resen ted  i n  appendix 2. 
TECHNIQUE FOR IDENTIFYING AND COMPENSATING FOR UPWASH ERRORS 
The t es t  senso r  d a t a  i n i t i a l l y  were n o t  c o r r e c t e d  f o r  upwash. The fo l lowing  tech- 
I nique  w a s  used to determine t h e  average  tes t  probe upwash ad jus tment  f a c t o r :  The 
f ree-s t ream a n g l e  of a t t a c k  is  estimated by merging several independent  sou rces  of 
t r a j e c t o r y  d a t a ,  both onboard and e x t e r n a l  t o  the a i r c r a f t ,  u s ing  a l i n e a r i z e d  Kalman 
sources  is descr ibed  i n  appendix 3 . )  Once t h e  f ree-s t ream a n g l e  of a t t a c k  is  esti- 
mated, t h e  d i f f e r e n c e s  between the free-s t ream and tes t  s e n s o r  a n g l e s  of a t t a c k  are 
computed f o r  each time p o i n t  i n  t h e  maneuver. These d i f f e r e n c e s  are then  normalized 
b y  the  estimated free-s t ream a n g l e  of a t t a c k  and averaged ove r  t i m e .  The r e s u l t  i s  
t h e  upwash adjustment  f a c t o r .  To v e r i f y  t h e  upwash ad jus tment  f a c t o r s ,  they  are com- 
pared with t h e o r e t i c a l  upwash ad jus tment  f a c t o r s  computed by t h e  Yaggy-Rogallo tech-  
nique ( r e f .  8). 
f i l t e r .  (The l i n e a r i z e d  Kalman f i l t e r  t echnique  used t o  merge t h e  m u l t i p l e  data C 
4 
WIND TUNNEL AND FLIGHT DATA 
wind Tunnel Condi t ions 
To e v a l u a t e  t h e  s ta t ic  accuracy of the i s o l a t e d  test (hemisphe r i ca l )  s enso r ,  wind 
tunnel  tests were conducted i n  the low-speed 7- by 17 - f t  test  s e c t i o n  of t h e  Rosemount 
Transonic  Wind Tunnel F a c i l i t y  ( r e f .  6). T e s t  cond i t ions  are d e t a i l e d  i n  table 1.  
Angle-of-attack errors a t  B = Oo and -4.0° < a s <  60.0° are p resen ted  i n  f i g u r e  2, 
t h e  f ree-s t ream ang le  of a t t a c k  ag a s  a func t ion  of f ree-s t ream ang le  of a t t a c k .  The 
maximum e r r o r  i s  s l i g h t l y  g r e a t e r  than 2 O .  
b which shows t h e  d i f f e r e n c e  between the t e s t  sensor  angle-of -a t tack  measurement am and 
. 
Figure  3 p r e s e n t s  the angle-of-at tack e r r o r  as a func t ion  of f ree-s t ream ang le  of 
s i d e s l i p  Bg f o r  a g  = Oo and 7.0° a t  Mach 0.3. The ang le -o f - s ides l ip  excurs ion  ranges 
from -3O.OO t o  30.0°. For ag = O o ,  t h e  magnitude of t h e  angle-of -a t tack  error is  
s l i g h t l y  g r e a t e r  than l o .  For ag =: 7 . 0 ° ,  t h e  angle-of-at tack error i s  s i g n i f i c a n t ,  
wi th  a maximum excurs ion  of 3.0°. However, t h i s  maximum e r r o r  occurs  a t  very  large 
ang les  of s i d e s l i p ;  f o r  moderate ang le s  of s i d e s l i p  ( i n  the range -20.0° < Bt < 2 0 . 0 0 ) ,  
t h e  angle-of -a t tack  error i s  on t h e  order  of lo. 
Reference 1 r epor t ed  angle-of-at tack d i s c r e p a n c i e s  exceeding So and, i n  the case 
of h igh- ra te  maneuvers, a h y s t e r e s i s  loop wi th  an ampli tude of more than  8 O .  I n  con- 
t ras t ,  the  wind tunnel  d a t a  i n d i c a t e  t h a t  t h e  s t e a d y - s t a t e  errors i n  ang le  of a t t a c k  
a r e  on the  o rde r  of l o .  As a r e s u l t ,  one must conclude that t h e  errors are due to  
in s t a l l a t ion -dependen t  f a c t o r s  such as pneumatic l a g  and upwash. 
F l i g h t  Maneuvers 
To i n v e s t i g a t e  the  e f f e c t s  of lag and upwash, t w o  maneuvers from the high-angle- 
o f - a t t ack  program were chosen f o r  use  i n  i d e n t i f y i n g  the angle-of-at tack d i sc repanc ie s .  
The maneuvers were chosen because they involved l a r g e  excur s ions  i n  ang le  of a t t a c k .  
Maneuver I,  a p u l l u p  maneuver, r e s u l t s  i n  an angle-of-at tack v a r i a t i o n  from Oo t o  
33.0°. The r e fe rence  senso r  angle  of s i d e s l i p  v a r i e s  from - l . O o  t o  l.Oo. Maneuver I 
was performed a t  an average Mach number of 0.85 and an average a l t i t u d e  of 11,890 m 
(39,000 f t )  ( f i g . 4 ) .  Maneuver 11, an  alpha-beta sweep, invo lves  an  angle-of-at tack 
excurs ion  from 3.0° t o  40.0° and a simultaneous ang le -o f - s ides l ip  excurs ion  from 5.0° 
t o  - l O . O O .  Maneuver I1 w a s  performed a t  an average Mach number of 0.6 and an  average 
a l t i t u d e  of 9145 m (30,000 f t )  ( f i g .  5 ) .  
4 
b 
PNEUMATIC LAG CORRECTIONS 
The t i m e  l a g  va lues  f o r  each of t he  f i v e  p r e s s u r e  o r i f i c e s  on t h e  t es t  sensor  w e r e  
e s t ima ted  us ing  t h e  p rev ious ly  descr ibed methods. 
between maneuvers I and 11, t h e  est imated l a g s  were e x t r a p o l a t e d  t o  sea l e v e l  and ze ro  
To g ive  a s t anda rd  f o r  comparison 
5 
Mach number by t h e  method of r e fe rence  7. The t i m e  l a g  va lues  f o r  bo th  maneuvers are 
presented  a long  wi th  t h e i r  u n c e r t a i n t y  estimates (see app. 2 )  i n  table 2. 
The u n c e r t a i n t y  e s t ima tes  for maneuver I1 are s i g n i f i c a n t l y  h i g h e r  than  those  f o r  
maneuver I. This  most l i k e l y  is  due t o  t h e  l a r g e r  ang le -o f - s ides l ip  excur s ions  expe- 
r i enced  du r ing  maneuver 11. The asymmetric f lows thus  induced made the t a s k  of m o d e l -  
i n g  the  f ree-s t ream re fe rence  p r e s s u r e  a t  t h e  o r i f i c e  d i f f i c u l t ;  hence,  t h e  f r e e -  
stream r e f e r e n c e  is bel ieved  t o  be less a c c u r a t e  for  maneuver I1 (see app. 2 ) .  As 
an  example, t h e  t es t  senso r  raw and lag-cor rec ted  p i  (i = 1 t o  5 )  t i m e  h i s t o r i e s  f o r  
maneuver I are presented  i n  f i g u r e  6.  
UPWASH CORRECTIONS 
. 
The estimated upwash adjustment  f a c t o r s  are p resen ted  i n  table 3, a long  wi th  the 
Yaggy-Rogallo estimates of t h e  upwash ad jus tment  factors. The Yaggy-Rogallo va lues  
were computed us ing  the average Mach number f o r  t h e  r e s p e c t i v e  maneuver. The air- 
c r a f t  w i n g  sweep w a s  se t  accord ing  t o  the schedule  of t h e  au tomat ic  f l i g h t  c o n t r o l  
system a t  49.0° f o r  maneuver I and 22.0°  f o r  maneuver 11. Yaggy-Rogallo c a l c u l a t i o n s  
g i v e  upwash f a c t o r s  t h a t  are abou t  20 p e r c e n t  lower than  t h e  e m p i r i c a l  estimates. 
Based upon previous  exper ience ,  t h i s  agreement is  w i t h i n  t h e  expected accuracy  of the 
Yaggy-Rogallo technique. 
FLIGHT DATA RESULTS 
The t es t  senso r  angle-of-at tack d a t a  obta ined  from maneuver I w e r e  a d j u s t e d  for 
l a g  and upwash. Time h i s t o r i e s  of t h e  a d j u s t e d  d a t a  are shown compared wi th  t h e  r e f -  
e r ence  s e n s o r  data i n  f i g u r e  7. F igure  7 ( a )  shows t h e  t i m e  h i s t o r y  f o r  tes t  senso r  
angle-of -a t tack  d a t a  ad jus t ed  f o r  l a g  on ly  compared wi th  t h e  r e f e r e n c e  s e n s o r  angle-  
o f - a t t ack  d a t a .  Figure 7 ( b )  p r e s e n t s  an analogous comparison wi th  the test senso r  
d a t a  a d j u s t e d  f o r  upwash only.  F i n a l l y ,  f i g u r e  7 ( c )  p r e s e n t s  t h e  same comparison 
wi th  t h e  tes t  senso r  d a t a  a d j u s t e d  f o r  bo th  l a g  and upwash. Although some d i sc rep  
ancy between t h e  test senso r  and r e f e r e n c e  senso r  data is s t i l l  p r e s e n t ,  t h e  maximum 
d i sc repancy  has  been reduced from a nominal l o o  t o  less than  2 O .  
The same analyses  were performed on t h e  maneuver 11 data ( f i g .  8 ) .  As b e f o r e ,  
t h e  maximum d i f f e r e n c e  between t h e  tes t  senso r  and r e f e r e n c e  s e n s o r  data is  reduced 
from approximately l o o  to  less than  2 O .  
i 
The reasons  f o r  the remaining d i s c r e p a n c i e s  have y e t  t o  be f u l l y  expla ined .  The 
most l i k e l y  explana t ion  is t h a t  t h e  s i m p l i f i e d  models used t o  describe l a g  and upwash 
on t h e  tes t  senso r  do n o t  f u l l y  describe t h e  complex c o n d i t i o n s  that a c t u a l l y  occur  4 
on the  a i r c r a f t .  The ad jus tments  presented  are n o t  i n t ended  t o  be a c a l i b r a t i o n  of 
t h e  tes t  senso r ;  i n s t ead ,  t hey  are in tended  to  o f f e r  a p l a u s i b l e  exp lana t ion  f o r  t h e  
very  l a r g e  d i s c r e p a n c i e s  between measurements of the t w o  s e n s o r s  ... 
CONCLUDING REMARKS 
Wind tunne l  d a t a  a r e  presented  to  es tabl ish t h a t  t h e  e r r o r s  i n  the i s o l a t e d  hem- 
i s p h e r i c a l  s enso r  measurements are  s i g n i f i c a n t l y  lower than  t h e  d i s c r e p a n c i e s  as pre-  
6 
sen ted  i n  r e f e r e n c e  1. To examine p l a u s i b l e  e x p l a n a t i o n s  for the data d i s c r e p a n c i e s ,  
data obta ined  from the test senso r  were a d j u s t e d  for pneumatic lag and upwash. The 
adjus tments  were performed for t w o  t y p i c a l  high-angle-of-at tack maneuvers. The test 
s e n s o r  data c o r r e c t e d  f o r  lag and upwash were found t o  be i n  good agreement w i t h  the 
r e f e r e n c e  senso r  data. 
Because t h e  high-angle-of-attack data i n v e s t i g a t e d  h e r e  were l imited,  there is 
st i l l  some q u e s t i o n  as t o  how l a r g e  an angle-of-at tack envelope can  be r e l i a b l y  
d e f i n e d  under maneuvering condi t ions .  Fu r the r  research is  requ i r ed  t o  i d e n t i f y  
t h i s  envelope. 
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APPENDIX 1 -CONVERSION OF LAG DYNAMICS MODEL TO D I G I T A L  COMPENSATOR 
A s  d e r i v e d  i n  r e fe rence  7, t h e  l a g  m o d e l  is  approximately desc r ibed  by a non- 
l i n e a r ,  f i r s t - o r d e r  d i f f e r e n t i a l  equat ion ,  
where 
D is t h e  d i ame te r  of t h e  p r e s s u r e  t r ansmiss ion  l i n e ,  p t ( t )  is  t h e  pressure a t  t h e  
f ree-s t ream end of the  measurement dev ice ,  V is t h e  senso r  c o n f i g u r a t i o n  enclosed 
volume, and p i s  the  dynamic v i s c o s i t y  of a i r .  This  non l inea r  equat ion  is n o t  amen- 
a b l e  t o  a n a l y t i c  so lu t ion .  However, i f  t h e  magnitude of p(R, t )  changes 'by  on ly  a 
small amount du r ing  t h e  maneuver, equa t ion  ( 3 )  may be i n t e g r a t e d  numer ica l ly  t o  g i v e  
t h e  d e s i r e d  compensator. Assuming tha t  t h e  data are sampled a t  a c o n s t a n t  r e g u l a r  
i n t e r v a l  A t ,  equa t ion  ( 3 )  may be i n t e g r a t e d  from sample t i m e  ( k ) A t  to  sample t i m e  
(k + 1 ) A t  by forward Euler  i n t e g r a t i o n  t o  g i v e  
and i n t e g r a t e d  from sample t i m e  ( k  - 1 ) A t  t o  sample t i m e  ( k ) A t  by implici t  Euler  
i n t e g r a t i o n  t o  g i v e  
For s i m p l i c i t y  of no ta t ion ,  t h e  A t  fo l lowing  t h e  sample index  has  been dropped. 
Superimposing t h e  two s o l u t i o n s  and s o l v i n g  f o r  p t ( k )  g i v e s  t h e  r e s u l t  
T h i s  i s  t h e  f i n a l  form of t h e  d i g i t a l  compensator. Equat ion ( 4 )  approaches the e x a c t  
s o l u t i o n  as t h e  sample i n t e r v a l  of t h e  system approaches zero.  It  provides  a conven- 
i e n t  method of r econs t ruc t ing  a n  unlagged p r e s s u r e  t i m e  h i s t o r y  g i v e n  the measured 
pressure t i m e  h i s t o r y .  Several obse rva t ions  may be  made wi th  regard  t o  equat ion  ( 4 ) :  
1 .  The compensator is  nonrecursive;  t h a t  is ,  it is  independent  of  prev ious  val-  
ues  of p t ( t ) .  I t  i s  a f i n i t e  impulse response  f i l t e r ,  and as a r e s u l t ,  it w i l l  
i n t r o d u c e  no phase  changes i n  t h e  da t a .  
2 .  Because t h e  compensator i s  symmetric i n  t i m e ,  it cannot  b e  implemented i n  
rea l  t i m e .  
3. The compensator acts as  a high-frequency a m p l i f i e r .  A s  a r e s u l t ,  high- 
f requency n o i s e  i n  the raw measurements may overwhelm t h e  d e s i r e d  s i g n a l  when equa- 
t i o n  ( 4 )  i s  app l i ed .  Care must be taken to  i n s u r e  t h a t  unwanted high-frequency 
e l e m e n t s  a r e  removed by p r e f i l t e r i n g  the r a w  d a t a .  
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APPENDIX 2 - ESTIMATION OF LAG PARAMETERS 
As mentioned i n  appendix 1 ,  re fe rence  7 shows that  t h e  lag dynamics m o d e l  may be 
approximated by a first-order low-pass f i l ter .  The f i l t e r  t i m e  l a g  va lue  is  a func- 
t i o n  of t h e  measurement c o n f i g u r a t i o n  geometry ( t h a t  is ,  plumbing),  dynamic v i s c o s i t y ,  
and p r e s s u r e  w i t h i n  the measurement device t r ansmiss ion  l i n e .  For this report, we  
d e f i n e  t h e  time l a g  va lues  
where Tg is  an  unknown l a g  
t h e  l a g  model t h a t  w i l l  be 
'r* 
as be ing  approximately described by 
geometry parameter s t i l l  t o  be determined.  Th i s  leads to  
used, 
F l i g h t  tes t  exper ience  has  shown t h a t  t h e  geometry parameter Tg must be experimen- 
t a l l y  determined f o r  each  i n d i v i d u a l  measurement c o n f i g u r a t i o n .  The empirical tech-  
n ique  t o  be used i n  e s t i m a t i n g  this parameter is  t h e  maximum l i k e l i h o o d  technique.  
Equat ion (61, which is  being used t o  model t h e  l a g  dynamics, is  a b i l i n e a r ,  first- 
o r d e r ,  f o r c e d ,  o r d i n a r y  d i f f e r e n t i a l  equat ion wi th  parameters t h a t  vary  as f u n c t i o n s  
of t i m e .  The e x a c t  va lues  f o r  the parameters of equa t ion  ( 6 )  are unknown. The sys- 
tem i s  e x c i t e d  by local p r e s s u r e s  a t  the o r i f i c e s ,  and t h e  response,  p(R, t ) ,  is 
measured. Conceptual ly ,  t h e  va lues  of the unknown parameters may be i n f e r r e d  from the 
measured system response.  Unfortunately,  t w o  compl ica t ing  f a c t o r s  arise i n  practice. 
F i r s t ,  our  knowledge of t h e  form of t h e  dynamic m o d e l  is  i n h e r e n t l y  imper fec t ,  and 
second,  a dynamic va lue  f o r  t h e  i n p u t  p re s su re  a t  the senso r  s u r f a c e  is n o t  known. 
I t  is n o t  p o s s i b l e  t o  i d e n t i f y  e x a c t l y  the unknown parameters; rather, t h e  va lues  
must be estimated by adherence to some s t a t i s t i ca l  c r i t e r i o n .  Such a c r i t e r i o n  is 
t h e  maximum l i k e l i h o o d  c r i t e r i o n .  
The maximum l i k e l i h o o d  method c o n s i s t s  of choosing a set of parameters (the most 
l i k e l y  se t )  such t h a t  t h e  dynamic m o d e l  g ives  a response t h a t  is  i n  c l o s e  agreement 
w i t h  the measured response.  This is accomplished by choosing t h e  parameters such 
t h a t  they  minimize t h e  weighted sum of the squared d i f f e r e n c e s  between the measured 
system response  and the response of t h e  dynamic model when e x c i t e d  by the system 
i n p u t .  An in-depth d i s c u s s i o n  of t h e  maximum l i k e l i h o o d  technique  may be found i n  
r e f e r e n c e s  9 to  11 .  The modified maximum l i k e l i h o o d  e s t i m a t i o n  program v e r s i o n  3 
(MMLE3) i s  used t o  mechanize the a c t u a l  e s t i m a t i o n  procedure.  An in-depth d i s c u s s i o n  
of  MMLE3 may be found i n  r e f e r e n c e s  11 and 12. 
Cram&-Rao Bounds 
With any parameter  e s t i m a t i o n  method, it i s  impor tan t  t o  have a measure of  t h e  
accuracy  of the estimates. Reference 5 d i s c u s s e s  the e v a l u a t i o n  of t h e  a c c u r a c i e s ,  
i n c l u d i n g  a detai led t r ea tmen t  tha t  i s  not g iven  he re .  
i s  described as t h e  best known a n a l y t i c a l  measure of the accuracy  of maximum l i k e l i -  
hood estimates. me Cram&-Rao bound gives  a l o w e s t  l i m i t  on the va r i ance  of t h e  
estimate, and for l a r g e  t i m e  i n t e r v a l s ,  t h i s  l i m i t  approaches the va r i ance  of t h e  
estimate. The Cramgr -Rao  bound w a s  used t o  guide  the i t e r a t ive  a n a l y s i s  described i n  
There in ,  t h e  Cram&-Rao bound 
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t h i s  appendix. 
i n  t h e  e s t i m a t e s .  
p r a c t i c a l  e s t i m a t e  of t he  u n c e r t a i n t y  ( s t anda rd  d e v i a t i o n )  i n  t h e  parameter estimate. 
The smaller t h e  Cram&-Rao bound, t h e  more conf idence  can be p laced  
The square r o o t  of t h e  Cram&-Rao bound i s  cons idered  t o  be a 
Est imat ion of t he  Input  t o  t h e  Sensor Conf igura t ion  
As prev ious ly  mentioned, t h e  p re s su re  a t  the  s u r f a c e  of t h e  senso r  i s  not  d i r e c t 1  
a v a i l a b l e  and m u s t  be es t imated  from a l t e r n a t i v e  d a t a  sources .  There is no c l e a r l y  
opt imal  method t h a t  can be used t o  accomplish t h i s  t a sk .  
chosen to  e s t i m a t e  t h i s  p re s su re .  
The fo l lowing  method was 
F i r s t ,  a t i m e  h i s t o r y  f o r  t he  free-stream dynamic pressure q i s  es t imated  us ing  
t h e  l i n e a r i z e d  Kalman f i l t e r  technique,  descr ibed  i n  d e t a i l  i n  appendix 3 .  This  
t i m e  h i s t o r y  conta ins  high-frequency informat ion  t h a t  i s  r e p r e s e n t a t i v e  of t he  high- 
f requency c o n t e n t  of t he  p re s su re  a t  t h e  sensor  su r face .  The low-frequency compo- 
nen t s  of t he  q es t ima te  are s t r i p p e d  away us ing  a high-pass d i g i t a l  f i l t e r .  
r 
Second, t he  measured p res su re  t i m e  h i s t o r y ,  p ( l l ,  t )  is  passed through a low-pass 
d i g i t a l  f i l t e r  with the  same r o l l o f f ,  damping, and o rde r  as t h e  high-pass f i l t e r .  
This  s t r i p s  of f  t h e  high-frequency informat ion  while  r e t a i n i n g  t h e  low-frequency 
components, which a re  n o t  g r e a t l y  a f f e c t e d  by pneumatic lag .  
Thi rd ,  t h e  low-pass- and h igh -pass - f i l t e r ed  d a t a  a r e  summed t o  g ive  a composite 
s i g n a l ,  p c ( t ) ,  which is a rough estimate of p t ( t ) .  To account  f o r  a d d i t i o n a l  s c a l i n g  
and b i a s  terms, a s c a l e  f a c t o r  F and a b i a s  term b are inc luded  so t h a t  
The va lues  f o r  F and b may e i t h e r  be es t imated  by t h e  maximum l i k e l i h o o d  technique as 
a p a r t  of t h e  i d e n t i f i c a t i o n  loop or be chosen by eng inee r ing  judgment. For t h e  pre- 
s e n t  s t u d y ,  t he  values of F and b w e r e  chosen by eng inee r ing  judgment; t h a t  is, t h e  
va lues  of F and b were chosen s o  as t o  g ive  a good d a t a  f i t  whi le  s t i l l  keeping the 
Cramgr-Rao bounds low. The va lues  f o r  F and b f o r  t he  t w o  maneuvers are presented  i n  
t a b l e  4 
T h i s  approach i s  r e f e r r e d  t o  as a complementary f i l t e r  ( r e f .  1 2 ) .  The complemen- 
t a r y  f i l t e r  concept  i s  i l l u s t r a t e d  i n  f i g u r e  9, which shows t h e  magnitude plots  of 
both the  low-pass and the high-pass f i l t e r s  ( f i g .  9 ( a ) )  and the informat ion  flow of 
t h e  complementary f i l t e r i n g  process  ( f i g .  9 ( b ) ) .  The low-frequency components of t h e  
l i n e a r i z e d  Kalman f i l t e r  dynamic p r e s s u r e  (qLKF) are removed, and t h e  high-frequency 
components of t h e  measured response are removed. 
imposes the  high-frequency l i n e a r i z e d  Kalman f i l t e r  s i g n a l  on t h e  measured response.  
The r e s u l t i n g  summation super-  
I n  summary the fol lowing i d e n t i f i c a t i o n  scheme w a s  used t o  estimate Tg: 
I .  C a l c u l a t e  pc by t h e  complementary f i l t e r  process .  
2 .  Choose o r  es t imate  the  s c a l e  f a c t o r  F and b i a s  t e r m  b. 
3 .  
4.  
Choose a s t a r t i n g  value f o r  Tg. 
U s e  MMLE3 t o  e s t i m a t e  the  most l i k e l y  Value of Tg g iven  pc, F, and b. 
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5 .  Compute the predicted m o d e l  response for p ( t ,  t) 
6 .  Compute the weighted error sum (maximum l ike l ihood cost),  and adjust  the 
value of the unknown parameter Tg, by the maximum l ike l ihood cr i t er ion .  
7 .  I t era te  s t eps  4 to 7 u n t i l  the maximum l ike l ihood cost reaches a minimum. 
The estimation of the value of Tg completes the design of our d i g i t a l  compensator. 
r 
1 1  
APPENDIX 3 -COMPUTATION OF FREE-STREAM A I R  DATA PARAMETERS 
BY THE LINEARIZED KALMAN FILTER TECHNIQUE 
I The techniques  f o r  e s t i m a t i n g  t h e  ad jus tment  f a c t o r s  u t i l i z e  a high-frequency, 
h i g h l y  a c c u r a t e  se t  of a i r  data parameters tha t  were de r ived  by merging several data 
s o u r c e s  us ing  a l i n e a r i z e d  Kalman f i l t e r .  Th i s  technique  provided an  independent  se t  
of parameters t h a t  were n o t  s t r o n g l y  a f f e c t e d  by upwash, p o s i t i o n ,  and l a g  errors. 
Th i s  appendix b r i e f l y  d e s c r i b e s  t h e  l i n e a r i z e d  Kalman f i l t e r  t echnique  and t h e  d a t a  
sou rces  t h a t  were merged. An in-depth d i s c u s s i o n  of t h e  technique  may be found i n  
r e f e r e n c e  13 .  
Desc r ip t ion  of Data Sources  
D a t a  from both  onboard and e x t e r n a l  sou rces  were used t o  r e c o n s t r u c t  a i r  d a t a  
t i m e  h i s t o r i e s  f o r  maneuvers I and 11. The onboard sources  were body a x i s  l i n e a r  
a c c e l e r a t i o n s  and r o t a t i o n a l  rates, P i t o t - s t a t i c  measurements from t h e  a i r  i n l e t  
c o n t r o l  system ( A I C S )  probe, and f low ang le  data from t h e  r e f e r e n c e  a i r  data probes.  
The e x t e r n a l  sources  were C-band t r a c k i n g  d a t a  and upper-atmosphere data from mete- 
o r o l o g i c a l  ana lyses .  
The strap-down l i n e a r  acce lerometer  d a t a  provided th ree -ax i s  a c c e l e r a t i o n s  and 
were corrected f o r  center -of -gravi ty  o f f s e t s  u s ing  t h e  r o t a t i o n a l  rate measurements. 
The acce lerometer  da t a  had a f l a t  f requency response i n  excess of 20 Hz. 
The P i t o t - s t a t i c  d a t a  were provided by t w o  AICS side-mounted hemispher ica l  sen- 
s o r s .  These d a t a ,  once c o r r e c t e d  f o r  p o s i t i o n  error, provided rough estimates of 
f ree-s t ream s t a t i c  and dynamic p res su res .  These d a t a  had a f l a t  f requency response  
o n  t h e  o r d e r  of 10 Hz. 
The radar t r ack ing  data provided th ree -ax i s  p o s i t i o n  and v e l o c i t y  data and esti-  
mates of f l i g h t p a t h  ang le  and heading. The v e l o c i t y  and d i r e c t i o n  ang le s ,  because 
they  are the  r e s u l t  of d i f f e r e n t i a t e d  p o s i t i o n  d a t a ,  are n a t u r a l l y  unbiased.  The 
sampling rate of these  d a t a  i s  20 samples/sec.  The f l a t  frequency response  of t h e  
d a t a  is  on t h e  order of 10 Hz. 
Upper-atmosphere meteoro logica l  q u a n t i t i e s  r e s u l t i n g  from a n a l y s e s  of rawinsonde 
ba l loon  data  provided low-frequency estimates of ambient p r e s s u r e ,  ambient tempera- 
t u r e ,  and winds a l o f t .  These data r e p r e s e n t  a time-averaged va lue  f o r  t h e  parameters 
d i scussed .  The upper-atmospheric ana lyses  are desc r ibed  i n  dep th  i n  r e f e r e n c e  13. 
Merging of Mul t ip l e  Data sources  
The data sources  were combined by t h e  l i n e a r i z e d  Kalman f i l t e r  i n  a manner that 
superimposed t h e  high-frequency d a t a  on t h e  low-frequency data. Biases and system- 
a t i c  errors were i d e n t i f i e d  by redundant  in format ion  con ta ined  i n  the v a r i o u s  d a t a  
sou rces .  The r e s u l t i n g  t i m e  h i s t o r y  va lues  f o r  a i r s p e e d ,  groundspeed, a n g l e  of 
a t t a c k ,  ang le  of s i d e s l i p ,  heading angle ,  f l i g h t p a t h  ang le ,  dynamic p r e s s u r e ,  and 
s t a t i c  p r e s s u r e  have very low b i a s  and a f l a t  f requency response  on t h e  o r d e r  of 
10 Hz. Fu r the r  information concerning t h i s  technique  may be found i n  r e f e r e n c e s  12 
and 13 .  
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TABLE 1.  - W I N D  TUNNEL TEST CONDITIONS 
Mach number Angle of s idesl ip ,  deg Angle of attack, deg 
0.3 0 -4.0 t o  60.0 
0.4 0 -4.0 to  60.0 
0 .5  0 -4.0 to 60.0 
0.3 -30.0 to 30.0 0 
0.3 -30.0 t o  30.0 7.0 
TABLE 2. -NORMALIZED SEA LEVEL TIME LAG VALUES AND 
UNCERTAINTY ESTIMATES FOR TEST SENSOR PRESSURE DATA 
Maneuver I Maneuver I1 
Lag, msec U n c e r t a i n t y ,  msec Lag, msec Uncertainty,  msec 
P r e s s u r e  
orifice 
P1 125 
P2 125 
P 3  122 
P4 122 
P5 159 
15.4 
16.1 
27.4 
27.6 
19.4 
133 
133 
139 
139 
158 
TABLE 3. - UPWASH ADJUSTMENT FACTORS 
FOR TEST SENSOR 
F a c t o r  Maneuver I Maneuver I1 
~ _ _ _ _ ~  ~ ~ 
E s t i m a t e d  upwash 0.142 0.330 
Yaggy-Rogallo upwash 0.1202 0.273 
TABLE 4. - VALUES OF SCALING AND 
BIAS TERMS FOR INPUT PRESSURE 
38.6 
39.5 
44.2 
43.4 
41 04 
S c a l e  factor F B i a s  term b, kPa ( l b / f t 2 )  
Maneuver I 1.15 
Maneuver I1 1.08 
0.239 (5.0) 
0.302 (6.3)  
lest rmnror 
(hembphdcrl) 
a ,  - up, 
d.0 
-1 
( a )  A i r  da ta  sensor l o c a t i o n s .  ( b )  T e s t  probe orifice l o c a t i o n s  and 
n o t a t i o n .  
- 
I I I I I J 
Almaft fuselage 
y IR scanner pod 
15.54 
(6.12) (1.75) 
vane 
( c )  Reference probe. 
Figure 1.  Sensors used i n  high-angle-of-attack f l i g h t  tests. 
Mach 0.3. f i  = 0” 
0 , -  
- 1  - 
- 2  
a ,  - QI” 
dog 1 
Mach 0.4, fi = Oo 
u, - QI” 0 
- 2  
5 
Mach 0.5, fi = 0’ 
a ,  - Uf ,  0 
L 
- 2  
-10 0 10 20 30 40 50 60 
44, deg 7022 
Figure  2 .  W i n d  t unne l  angle-of-at tack 
c a l i b r a t i o n  f o r  i s o l a t e d  test sensor as 
a f u n c t i o n  of a n g l e  of a t t a c k .  
Mach 0.3, up = Oo 
4 r  Mach 0.3, up I 7. 
3 
2 
1 
0 
-1  
-- 
-30 -20 -10 0 10 20 30 
PPI d.0 7023 
Figure  3. W i n d  t u n n e l  angle-o f -a t tack  
c a l i b r a t i o n  for  test sensor as a func -  
t ion  of a n g l e  of s i d e s l i p .  
15 
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F i g u r e  4 .  Angle-of-attack comparison, 
maneuver I .  
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F i g u r e  5 .  Angle-of-at tack comparison, 
maneuver IX . 
- Raw data --- 
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7026 
F i g u r e  6 .  
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pressure d a t a ,  maneuver I .  
T i m e  h i s t o r y  comparison of 
16 
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(c) Lag and upwash corrections. 
Figure 7. Angle-of-attack time history comparisons, maneuver I. 
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Figure 8. Angl e-of -at tack time history comparisons, maneuver 11 . 
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